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Abstract 

New rotational hne strengths for the C2 Swan system (d'^IIg-a^nu) have been 
calculated for vibrational bands with v'=0-10 and v"=0-9, and J values up 
to J=34-96, based on previous observations in 30 vibrational bands. Line 
positions from several sources were combined with the results from recent 
deperturbation studies of the w '=4 and v'=6 states, and a weighted global 
least squares fit was performed. We report the updated molecular constants. 
The line strengths are based on a recent ab initio calculation of the transi- 
tion dipole moment function. A line list has been made available, including 
observed and calculated line positions, Einstein A coefficients and oscillator 
strengths (/-values). The line list will be useful for astronomers and com- 
bustion scientists who utilize C2 Swan spectra. Einstein A coefficients and 
/-values were also calculated for the vibrational bands of the Swan system. 
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strengths, /-values, line lists. 



1. Introduction 



C2 is an important molecule in the fields of astronomy, combustion science 
and materials science. It has often been observed in comets Q, 3 S i, S, i 
and in other astronomical environments such as interstellar clouds 
late-type stars 



10, 11, 12, 13 



14, 115|, llfl 1171 and the Sun pj 




reactions are believed to be involved in the formation of hydrocarbons and 
other organic compounds in interstellar clouds 20|. C2 has also been found 



in fiames 21, 22, 23 



24 , and can be formed 



25 



and from the irradiation of soot 
in carbon plasmas and used to make carbon nanostructures 

The most prominent electronic system in the visible region is the Swan 
system, which involves the electronic transition d'^ng-a'^IIu, with the (0,0) 
band near 19400 cm~^. The a^IIu state was originally believed to be the 



ground state [26|] as it was observed to be easily excited, which is because it 
lies only 1536 cm~^ above the actual X^S^ ground state. 

The Swan system has been investigated extensively. Earl y v ibrational 
band intensity analyses include those of King 
In 1965 



271, Phillips (28| and Ha- 



gan [291 . In 1965, Mentall and Nicholls [30[ reanalysed the data of three 
previous works to provide an updated list of absolute band strengths, os- 
cillator strengths and Einstein A values for most vibrational band s up to 



?/=4. A full review of previous work was given in 1967 by Tyte et al. [3ll- In 



1968, Phillips and Davis [321 combined earlier published data with their most 
recent rotational analysis. They calculated spectroscopic constants for the 
Swan system, and published a full rotational line list including relative inten- 
sities. Danylewych and Nicholls published a list of absolute band strengths, 
oscillator strengths and Einstein A values covering most vibrational bands of 
up to i/=9, with Af < 4 33[. The properties of C2 were extensively reviewed 



by Huber and Her zb erg in 1979 [34 



As new experimental techniques have become available, new studies of 
the lower vibrational bands have been conducted _at_ high resolution. These 
include the work of Amiot 



and Suzuki et al. 37 



[35], Curtis and Sarre 
who investigated the (0-0), (0-1) and (1-0) bands, respectively, using laser 
excitation techniques. Dhumwad et al. jisj observed the Swan system using 
a quartz discharge tube with tungsten electrodes for the excitation of CO. In 



1994, Prasad and Bernath 39[ analysed nine low vibrational bands {il < ?> 



2 



and il' < 4) of the Swan system of jet-cooled C2 (for low- J), and of C2 pro- 
duced in a composite wall hollow cathode (for J up to 25-46) with a Fourier 
Transform Spectrometer (FTS). The previous observations of Amiot et al. 
and Prasad and Bernath on the (0,0) band were improved upon by Lloyd and 



Ewart in 1999 [40|, using degenerate four- wave mixing spectroscopy. These 



and other investigations have improved the accuracy of the line assignments 



originally published by Phillips and Davis in 1968 [32 



The higher vibrational bands had not been analyzed with modern high 



resolution instrumentation until 2002, when Tanabashi and Amano [41[ ob- 
served the Swan system by a direct absorption technique using a tunable dye 
laser. They measured three bands, assigned as (7,9), (6,8) and (5,7). They 
found that their line positions did not agree with those reported by Phillips 
and Davis 



32 



which was the most recent rotational analysis of the high vi- 
brational bands. These discrepancies led to the reanalysis of the entire Swan 
system with a high resolution FTS 42|. The assigned line positions from 



this new comprehensive analysis agreed with their previous one for the (7,9) 
(6,8) and (5,7) bands. Their line positions for bands involving the hi ghe r 
vibrational levels differed significantly from those of Phillips and Davis |32| . 

The old rotational line list reported by Phillips and Davis in 1968 32| has 
recently been used in deriving the carbon abundance and ^^C/^^C ratio in R 



Coronae Borealis and hydrogen-deficient carbon stars [iTj, and in comets [43 
Line positions and intensities must be known to derive C2 abundance from 
observed spectra, and it would be beneficial to have a new rotational line list, 
based on recent measurements and calculations. The purpose of this work is 
to use the data mainly of Tanabashi et al. 42|] to calculate theoretical line 
intensities, and publish an extensive line list. Similar work has recently been 
carried out for the E^n-X^S"*" transitions of CaH by Li et al. (i^ l 

Tanabashi et al. assigned around 5700 observed rotational lines, for 34 
vibrational bands belonging to the Aw = -3 to +2 sequences. Transitions 
up to between J=30 and 80 were assigned. Perturbations were found in the 
d^IIg state for w = 0, 1, 2, 4, 6, 8, 9 and 10, and for f = 4, 6 and 9 they 
affected almost all of the observed lines. They calculated molecular constants 
(Tables 3 and 4 in ref j42|) for both electronic states. 



Deperturbation studies of the d^IIg w'=4 [45| and v'=Q [46| states were 



performed by Bornhauser et al. in 2010 and 2011, respectively, using double- 
resonant four-wave mixing spectroscopy. This enabled them to assign lines 
unambiguously, and calculate perturbation constants (Table [1]) and molec- 



ular constants of the interacting b S 



=16 and v=lQ) and 



l^IIg states. 
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They also gave a list of the few transitions that were assigned incorrectly by 
Tanabashi et ai. 



2. Recalculation of Molecular Constants 

With the recent publication of perturbation constants for the d^IIg w=4 
and v=6 levels by Bornhauser et al. (Tabled]), there was an opportunity to 
improve the molecular constants reported by Tanabashi et al. (Tables 3 and 4 
in ref j42|). In their calculation of molecular constants in 2007, Tanabashi et 
al. included lines from several other studies. For nine bands up to (3,4), gap s 
in observations were filled in by using lines from Prasad and Bernath |39| 
High resolution measurements of the (0,1) band by Curtis and Sarre 



36 



were 



for the 



included, as were cross transitions (Af2 7^0) from Suzuki et al. [37 
(1,0) band. Some cross transitions were also observed by Curtis and Sarre, 
and these are particularly useful for the accurate calculation of the spin-orbit 



coupling and A-doubling constants. All lines from Tanabashi and Amano [41 
for the (5,7), (6,8) and (7,9) bands were also included. 

Prasad and Bernath also calculated molecular constants, and included in 
their fit all lines from Curtis and Sarre, Suzuki et al. and Amiot (for the (0,0) 
band). Our recalculation is based mainly on that of Tanabashi et al., and 
also this fit by Prasad and Bernath. An explanation of the specific differences 
is presented below. 



The computer program PGOPHER [47|, written by C. M. Western (Uni- 
versity of Bristol) was used to recalculate the molecular constants, with the 
inclusion of the xl =4 and xl =6 perturbations, using the standard A^^ Hamilto- 



nian for a ^11 state [48|, |49| . A global least squares fit was performed including 
all lines from Tanabashi et al.., Tanabashi and Amano, Prasad and Bernath, 
Curtis and Sarre, Suzuki et al., Lloyd and Ewart [40| (for the (0,0) band) 



and the two deperturbation studies by Bornhauser et al. [45|, l46 |. 

The weights for the lines from Tanabashi et al. (including those from 
Tanabashi and Amano) were unchanged here, except for those involving the 
?/ =4 and il =6 states. These had mostly been deweighted, and were weighted 
more strongly in this study as the perturbations had been included in the fit. 
In their calculation of the perturbation constants, Bornhauser et al. observed 
lines involving J'=l-6, 10-12 and 17-23 for the ?/=6 state, and J'=4-14 for the 
?/=6 state. Lines involving these J levels were weighted highly, and other line 
weights were decreased with greater difference between J' and these ranges. 
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The actual lines observed by Bornhauser et al. were weighted similarly to 
those of Tanabashi et al. for the same bands. 

The five remaining sets of lines were treated as follows. The sets from 
Prasad and Bernath (two sets), Curtis and Sarre and Suzuki et al. were given 
the same weights as in the fit performed by Prasad and Bernath. Lloyd and 
Ewart lines were assigned weights to be similar to those of Tanabashi et al. for 
the (0,0) band. To ensure that all lines were on the same wavenumber scale, 
transitions from these five sets were then compared to matching Tanabashi 
et al. transitions, and a weighted average wavenumber difference (one for 
each set) using matching lines was calculated, based on the assigned weights. 
This was added to all of the lines from each set as a wavenumber offset, 
to compensate for any systematic differences between studies. In their fit, 
Tanabashi et al. deweighted many lines due to the extensive perturbations, 
and those lines were also deweighted here if they were present in these five 
sets. This process excluded approximately 11% of these lines. To further 
decrease the possibility of using any misassigned lines in the fit, any line 
whose wavenumber differed from a matching Tanabashi et al. line by more 
than 0.03 cm~^ was deweighted, excluding a further ~6%. A preliminary fit 
was then performed to obtain calculated values of each transition. Lines that 
had not been matched to Tanabashi et al. transitions were then deweighted 
if their observed-calculated values, as a result of this fit, were greater than 
0.03 cm-^ 

A final global weighted least squares fit was performed, in which all re- 
ported molecular constants for the a^IIu and d^IIg were floated, except for 
Ad for u'=8, 9 and 10. These were fixed at a value based on those calculated 
for the lower levels to obtain a good fit. The updated molecular constants 
are shown in Tables H] and El The magnitudes of the perturbation constants 
reported by Bornhauser et al. were also floated to improve the fit, and both 
the previous and changed values are shown in Table [H 



3. Calculation of Line Intensities 

The intensities of the rovibronic transitions are reported here as both 
Einstein A values and oscillator strengths (/-values). 



Einstein A values are calculated with the equation [50 
3eo/ic3(2J' 



Aj'^J" = o l^^^of/" ,. {'^v'J'\Reir)\'llJv-J")'^ (1) 
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,-,3 



cAJ 

O -III 



3.136 189 32 x \^-^ j\R^{r)\'i\,,n (2) 

where S^n is the Honl-London factor and |(^?;'j'|-Re('")|'0D"j")l is the tran- 
sition dipole moment (TDM) matrix element, Aji^jn is in s~^, v in cm~^ 
and Re in debye. These have been converted into /-values using the equation 

m^e^c{2J' + 1) 
- 2vre2(100P)2(2J" + l)'^^'-^" 
1 (2T' + 1) 

= 1.499 193 68 — ) (4) 

z/2 (2J" + 1) ^ ^ 

Band intensities are reported as Einstein values, and can be con- 

verted from these to /^,/^,// values using the equation: 

= 1.499 193 68 \a,,^,. (5) 



where v is the average wavenumber for the band [51 . 

P GOPHER was used to calculate Einstein A values. It is able to calculate 
the necessary rotational TDMs and Honl-London factors (Eq. [1]) for several 
types of electronic transitions, including '^11-^11, if provided with a set of 
molecular constants and band strengths for each vibrational band. 

For a diatomic molecule, the wavefunctions ip^j used in the calculation of 
the TDM can be described as a one-dimensional function of internuclear dis- 
tance |50|. Rotationless TDMs were calculated using the computer program 
LEVEL |52j, written by R. J. Le Roy, which is able to calculate eigenfunc- 
tions and eigenvalues by solving the one-dimensional Schrodinger equation 
for diatomic molecules. LEVEL is able to calculate TDMs for rotational lev- 
els above J=0, but it assumes a singlet-singlet transition. For this reason, 
a single TDM (for Q(0)) for each vibrational band was taken from LEVEL 
and input into PGOPHER. 

LEVEL must be provided with a potential energy curve, F(r), and an 
electronic TDM, both as a function of internuclear distance. 

3.L Electronic Transition Dipole Moment 

Our calculation of the electronic TDM of the Swan system has been re- 



ported previously 53|, ISJ, l55|, with the results shown in Table |5] and Fig- 



ure 121 A brief description is given here. Wavefunctions were computed 
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using the multi-reference configuration interaction (MRCI) method 56l. l57l|. 
whereby all single and double excitations from a complete active space self- 
consistent field (CASSCF)|5^ 



59 



reference state are included in the MRCI 
wave functions. The active space included all molecular orbitals (MO) aris- 
ing from the C atoms' 2s and 2p valence orbitals. The basis set is the 
augmented correlation-consistent polarized aug-cc-pV6Z set of Dunning and 



co-workers [60|, iMl l62|, |63| and de Jong et al .[6J] Core and core- valence 



(CV) correlation corrections were obtained using the aug-cc-pCVQZ basis 
set |60|, |6l|, |62|. Scalar relativistic energy corrections (Rel) were evaluated 
via the Douglas-Kroll-Hess approach 65|, |66|, |67|, in conjunction with the 
appropriate cc-pVQZ basis sets. The quantum chemical calculations were 



carried out using the MOLPRO2006.1 program [68 



3.2. Potential Energy Curves 

The potentials V{r) (Fig. [1]) were calculated using the computer program 



RKRl |69|, w hich utilizes the first-order semiclassical Rydberg-Klein-Rees 
procedure 70, [7l[ 72, Tsf to determine a set of classical turning points for 
each potential, using equilibrium expansion constants Wg, oJeXe, oJeVe, oje^e, 
ae, 7e and Se for By and G{v). Values for these constants were calculated 
(Table H]) in a weighted least squares fit using the energy level expressions 
for a vibrating rotator. 



G{v) 



and 



B„ = Bp 



(6) 



(7) 



and the updated By and G{v) values in Tables [2] and [31 The weightings of 
the vibrational levels were based on the standard deviation oi By and G{v) 
values from the PGOPHER line position fit. 

3.3. Vibrational Band Intensities 

Einstein A^i^n values for each vibrational band were also calculated, and 
are shown in Table [71 They were calculated as the sum of all single rotational 
Einstein A values for possible transitions within the relevant band from the 
J'=l, f2'=0 level. These were converted into f^'v" values using Equation [51 
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4. Analysis and Discussion 

Our final line list including positions, /-values and Einstein A values, is 



available at http:/ /bernatli.uwaterloo.ca/download/AutoIndex.php?dir=/C2/ 



(C2SwanLineList2012.txt). Calculated line positions and lower state energies 
are included for all lines, and observed positions are present when available. 
Line intensities are reported as both Einstein A values and /-values. Po- 
sitions and intensities were calculated for all possible bands involving the 
observed vibrational levels (i.e. up to (0,9) and (10,0)). 

PGOPHER was also used for the purpose of validation, as it is able to 
calculate and plot spectra based on its line list, which can be compared to 
the observed spectrum. In all of the spectra shown, a constant Gaussian 
instrument function was added to best match the observed broadening. The 
experimental procedure that Tanabashi et al. used involved observing C2 
emission from a microwave discharge in a flow of acetylene (C2H2) diluted in 
argon through a discharge tube. In such a system the molecular vibration, 
and to a lesser extent the rotation, will not be at thermal equilibrium. For 
this reason, the rotational and vibrational temperatures of the simulation 
were also adjusted for best agreement. Two spectra were recorded, one for 
the Ai;=-1 to +2 sequences and another for the Aw=-2 and -3 sequences. 
Rotational and vibrational temperatures of 1140 K and 6800 K, and 940 
K and 5000 K were used for the Av=-1 to +2 and A?;=-2 to -3 spectra, 
respectively. The final parameter that had to be added manually was a linear 
scaling factor, as the y-axis units of the recorded spectrum are arbitrary. This 
value could not be kept constant during the production of each figure given 
below (Figs. [3] to [5]). This is due to the presence of an instrument response 
function, which cannot be corrected for at this point. 

There are numerous perturbations in the d^IIg state, which have caused 
many of the line positions calculated by PGOPHER to be slightly inaccurate, 
and in turn have also had a small effect on the reported intensities. With 
the inclusion of the perturbation constants for the ^/=4 and ?/=6 levels, 
the average error for lines involving those upper levels is improved from 
0.203 cm~^ to 0.057 cm~^ and 0.569 cm~^ to 0.038 cm~^, respectively. The 
first values were calculated using the molecular constants of Tanabashi et al. 
and the second using those in Tables [2] and [3l excluding any lines that had 
been heavily deweighted in the final fit. A more detailed description of the 



observed perturbations is available in ref [42 



The spectra match very well for the lower vibrational and rotational levels; 
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most of the inaccuracies mentioned are present in the higher vibrational and 
rotational levels. Three small sections of the spectra are shown in Figures [3] 
to [5] that are typical of the rest of the range. 

For further validation, lifetimes of vibrational levels have been calculated 
and are compared to previous theoretical and experimental results in Table 
ini For each upper vibrational level, lifetimes were calculated as the reciprocal 
of the sum of the Einstein A values for all possible transitions from the J'=l, 
Q'=0 level. Good agreement is shown with both sets of data. The theoretical 
values of Schmidt and Bacskay include transitions to the c^Eg state. They 
state that this system contributes 3-4% to their radiative lifetimes, and if 
this is taken into account, excellent agreement with our values is shown. Our 
Einstein values were converted into f^'^rr values for comparison with 

those of Schmidt et al. (for up to v'=h and v"=h) js^], using Equation [5] and 
the wavenumber of the P(0) transition as the band wavenumber. It should be 
noted that slightly different f^iyn values would be obtained with a different 
choice of band wavenumber. Excellent agreement is shown for most bands, 
however some of the higher vibrational bands disagree by up to ~60%, as 
shown in Table [Si 



5. Conclusion 

Many perturbations are present in the d^IIg state, and only those shown 
in Table [T] (involving the d^IIg, ?;=4 and f =6 levels) have been accounted 
for in these calculations. While many of the lines in the new line list do not 
match experiment precisely, the positions and intensities reported here are 
an improvement on previously available data, where results have been based 



on the partly incorrect assignments made by Phillips and Davis [32|. The 
calculated vibrational level lifetimes show good agreement with experimen- 
tal and theoretical studies. The line list produced is an improvement over 
what is currently available, and will be of use to astronomers, materials and 
combustion scientists in the analysis of the C2 Swan system. 
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Table 1: Perturbation constants^ for the d^IIg v'=4 and v'=6 levels of the 
C2 Swan system. Those of Bornhauser et al. 45|, |46|, and those resulting 
from the fit of all molecular constants are reported. 



Parameter Bornhauser et al. value Value from fit 



(d^^Hg, 
(d^^Hg, 


t;'=4|Hso|b3S-, 
t;'=4|BL+|b=^S-, 
t;'=6|Hso|b3S-, 
w'=6|BL+|b3S-, 
t;'=6|Hso|l'ng) 


z;'=16) 


-0.6401(86)^ 


-0.6147(59) 


v'=lQ) 


0.24737(61) 


0.24869(21) 


(d^Hg, 


w'=19) 


0.7855(110) 


0.7417(82) 


(d^Hg, 
(d^^Hg, 


w'=19) 


0.31192(37) 


0.31123(12) 




4.6220(88) 


4.6150(94) 



^ Numbers in parentheses indicate one standard deviation to the last significant digits 
of the constants. 



^ Please note that these values were floated to improve the fit, but the studies of 
Bornhauser et al. were directly aimed at calcualting these constants. 



Table 2: Updated molecular constants^ for the d^IIg state of the C2 Swan system (in cm 



r 



A 



At 



B 



13x10* 



A 



19378 
21132 
22848 
24524 
26155 
27735 
29259 
30717 
32102 
33406 
10 34626 





lb 

2 
3 
4 
5 
6 
7 
8 
9 



.46833(33) 

.14979(16) 

.3971(14) 

.2219(13) 

.0539(28) 

.6812(38) 

.3610(29) 

.9213(51) 

.668(14) 

.256(15) 

.8079(74) 



-14.00085(41) 

-13.87448(32) 

-13.8216(15) 

-13.5311(20) 

-13.3521(58) 

-13.0309(67) 

-12.7946(83) 

-12.3399(92) 

-12.100(15) 

-11.676(27) 

-11.263(13) 



0.0004828(56) 

0.0005533(55) 

0.000478(29) 

0.000595(15) 

0.000657(59) 

0.000528(35) 

0.000830(47) 

0.000878(45) 

0.000556(fixcd) 

0.000556(fixcd) 

0.000556(fixcd) 



1.7455648(28) 

1.7254068(35) 

1.704476(14) 

1.681467(11) 

1.656891(27) 

1.630278(23) 

1.599907(23) 

1.565926(35) 

1.52676(20) 

1.485411(82) 

1.441006(56) 



6.8203(10) 
7.0202(50) 
7.281(14) 
7.502(16) 
7.681(36) 
8.733(28) 
9.064(31) 
9.780(68) 
9.62(63) 
11.09(11) 
12.547(78) 



0.03313(30) 

0.02978(25) 

0.0199(27) 

0.0457(19) 

0.0394(62) 

0.0755(45) 

0.0574(59) 

0.0890(33) 

0.038(19) 

0.173(21) 

0.113(11) 



0.61041(34) 

0.61704(23) 

0.6141(21) 

0.5727(19) 

0.5833(48) 

0.5634(47) 

0.5485(61) 

0.5123(67) 

0.490(15) 

0.451(21) 

0.357(10) 



0.003963(29) 

0.004117(29) 

0.00643(26) 

0.00517(12) 

0.00679(41) 

0.00519(27) 

0.00724(38) 

0.00874(48) 

0.0047(14) 

0.0087(12) 

0.00676(75) 



-0.0007780(28) 
-0.0008200(29) 
-0.0008593(95) 
-0.0008549(58) 
-0.000906(29) 
-0.000877(11) 
-0.000975(16) 
0.001293(24) 
-0.00089(14) 
-0.002158(41) 
-0.001127(33) 



* Numbers in parentheses indicate one standard deviation to the last significant digits of the constants. 
''In addition, H = 2. 16(19) x 10^^^ for v=l was used to obtain a good fit. 
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Table 3: Updated molecular constants* for the a'^IIu state of the C2 Swan system (in cm 



T 



A 



B 



DxW> 



X 





1618.02331(35) 
3212.72927(63) 
4784.1038(21) 
6332.1379(34) 
7856.8251(22) 
9358.1689(30) 
10836.1483(65) 
12290.8297(65) 
13722.1088(51) 



-15.26930(28) 

-15.25156(40) 

-15.2326(10) 

-15.2148(27) 

-15.2020(44) 

-15.1941(34) 

-15.1631(48) 

-15.0917(94) 

-15.142(11) 

-15.0901(84) 



0.0002441(47) 

0.0002063(49) 

0.0001679(64) 

0.000040(28) 

0.000161(26) 

-0.0000051(19) 
0.000178(26) 
0.00058(20) 

-0.000068(59) 
0.000468(39) 



1.6240458(29) 

1.6074247(29) 

1.5907495(41) 

1.573971(16) 

1.557173(21) 

1.540145(16) 

1.523474(21) 

1.50895(17) 

1.488368(50) 

1.472699(34) 



6.4515(12) 

6.4433(14) 

6.4530(29) 

6.377(16) 

6.449(27) 

6.353(24) 

6.151(28) 

3.41(61) 

4.648(86) 

5.795(64) 



-0.15446(23) 

-0.15364(33) 

-0.15228(80) 

-0.1510(41) 

-0.1520(50) 

-0.1520(31) 

-0.1496(41) 

-0.1537(69) 

-0.1435(90) 

-0.1677(33) 



0.67526(23) 

0.66991(33) 

0.66251(91) 

0.6565(36) 

0.6504(46) 

0.6389(28) 

0.6492(39) 

0.654(10) 

0.6382(81) 

0.6508(67) 



0.002499(30) 
0.002693(30) 
0.003089(51) 
0.00516(29) 
0.00520(26) 
0.00637(18) 
0.00375(25) 
-0.0288(19) 
0.01246(56) 
0.00268(50) 



-0.0005303(29) 
-0.0005799(28) 
-0.0006484(32) 
-0.000653(11) 
-0.000892(11) 
-0.0012365(83) 
-0.000652(11) 
0.00686(36) 
-0.002132(29) 
-0.000214(28) 



' Numbers in parentheses indicate one standard deviation to the last significant digits of the constants. 



^In addition, H = 6.87(11] 
i;=0 to obtain a good fit. 



xlO 



-12 



oo = -7.14(74) xlO-^ pd = 3.0(19) X 10-*^ and cjd = 1.000(36) x 10"** were used for 



Table 4: Equilibrium molecular constants'* for the C2 Swan system. 



Constant 




a^n^ 




1788.52(33) 


1641.3451(38) 




16.92(33) 


11.6583(14) 




-0.250(38) 


-0.000888(122) 


UeZe 


-0.0401(22) 




Be 


1.755410(81) 


1.632343(46) 


Oie 


-0.01960(12) 


-1.6569(40) 


7e 


-0.000141(38) 


-0.0000294(61) 


So 


-0.0000809(31) 





Numbers in parentheses indicate one standard deviation 
to the last significant digits of the constants. 
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Table 5: Calculated transition dipole moment function for the C2 Swan system. 



r 


Re 


r 


Re 


r 


Re 


r 


Re 


(au) 


(au) 


(au) 


(au) 


(au) 


(au) 


(au) 


(au) 


1.50 


1.150484941 


2.25 


0.947233687 


2.70 


0.676887334 


3.30 


0.086826219 


1.60 


1.139421001 


2.30 


0.924302460 


2.75 


0.634819590 


3.40 


0.008468806 


1.70 


1.122420868 


2.35 


0.899942917 


2.80 


0.589585866 


3.50 


-0.060876772 


1.80 


1.100556366 


2.40 


0.874060543 


2.85 


0.541254759 


3.60 


-0.122739863 


1.90 


1.074421199 


2.45 


0.846525942 


2.90 


0.490200083 


3.70 


-0.177872176 


2.00 


1.043723590 


2.50 


0.817168296 


2.95 


0.437092215 


3.80 


-0.225903802 


2.10 


1.008582913 


2.55 


0.785779108 


3.00 


0.382865673 


3.90 


-0.264852598 


2.15 


0.989349200 


2.60 


0.752116932 


3.10 


0.275576227 


4.00 


-0.291460152 


2.20 


0.968873791 


2.65 


0.715908977 


3.20 


0.175777762 







Table 6: Lifetimes of vibrational levels of the C2 d^IIg state. 



v' 


Our value 


TheoreticaP[54] 


Expt. [74] 


Expt. [75] 




(ns) 


(ns) 


(ns) 


(ns) 





98.0 


95.1 


101.8±4.2 


106±15 


1 


99.8 


96.7 


96.7±5.2 


105±15 


2 


102.4 


99.1 


104.0±17 




3 


105.8 


102 






4 


110.4 


107 






5 


116.9 


113 







The theoretical values (of Schmidt and Bacskay) include transi- 
tions to the c'^E+ state. They state that this system contributes 
3-4% to their radiative lifetimes. If this is taken into account, 
excellent agreement with our values is shown. 
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Table 7: Einstein yl,,',," values^ of the C2 Swan system. 

























v' 
























v" 







1 




2 




3 




4 




5 




6 




7 




8 




9 




10 







7.626 ( 


+6) 


2.815 ( 


+6) 


2.811 


(+5) 


4.386 


+3) 


1.830 ( 


+2) 


2.641 ( 


+1) 


4.709 ( 


-1) 


1.616 


-1) 


4.647 


(-2) 


1.136 


-4) 


1.298 ( 


-2) 


1 


2.135 ( 


+6) 


3.427 ( 


+6) 


4.074 


(+6) 


6.452 


;+5) 


9.222 ( 


+3) 


1.341 ( 


+3) 


9.819 ( 


+1) 


7.970 


+0) 


3.257 




2.280 


-1) 


4.324 ( 


-2) 


2 


3.833 ( 


+5) 


2.746 ( 


+6) 


1.272 


(+6) 


4.433 


+6) 


9.730 ( 


+5) 


9.006 ( 


+3) 


4.910 ( 


+3) 


1.818 


+2) 


5.525 




1.885 


-1) 


8.546 ( 


-1) 


3 


5.588 ( 


+4) 


8.279 ( 


+5) 


2.564 


(+6) 


3.279 


;+5) 


4.337 ( 


+6) 


1.201 ( 


+6) 


2.624 ( 


+3) 


1.430 


+4) 


7.755 




2.377 


+2) 


2.902 { 


+0) 


4 


7.225 ( 


+3) 


1.709 ( 


+5) 


1.171 


(+6) 


2.057 


;+6) 


2.796 ( 


+4) 


4.082 ( 


+6) 


1.211 ( 


+6) 


1.463 


+3) 


2.886 




1.613 


+2) 


5.789 ( 


+2) 


5 


8.589 ( 


+2) 


2.885 ( 


+4) 


3.212 


(+5) 


1.355 


;+6) 


1.496 ( 


+6) 


1.131 ( 


+4) 


3.582 ( 


+6) 


1.228 


;+6) 


3.360 


t+4) 


4.195 


+4) 


3.517 ( 


+3) 


6 


9.554 ( 


+1) 


4.284 ( 


+3) 


6.785 


(+4) 


4.745 


;+5) 


1.385 ( 


+6) 


1.019 ( 


+6) 


6.585 ( 


+4) 


3.648 


'+6) 


9.982 


(+5) 


1.426 


+5) 


3.709 { 


+4) 


7 


1.006 ( 


+1) 


5.771 ( 


+2) 


1.220 


(+4) 


1.216 


'+5) 


6.015 ( 


+5) 


1.306 ( 


+6) 


6.220 ( 


+5) 


1.047 


'+5) 


3.561 


t+6) 


6.228 


+5) 


3.548 ( 


+5) 


8 


1.001 ( 


+0) 


7.183 ( 


+1) 


1.950 


(+3) 


2.582 


;+4) 


1.828 ( 


+5) 


6.851 ( 


+5) 


1.092 ( 


+6) 


4.253 


+5) 


8.571 




3.500 


+6) 


2.098 ( 


+5) 


9 


9.107 ( 


-2) 


8.362 ( 


+0) 


2.826 


(+2) 


4.801 


;+3) 


4.491 ( 


+4) 


2.419 ( 


+5) 


6.728 ( 


+5) 


1.008 


+6) 


2.739 


:+5) 


3.371 


+4) 


3.325 { 


+6) 



The numbers in parentheses indicate the exponent. 



Table 8: /,/„" values* of the C2 Swan system (a), compared to those of Schmidt et al. (b). 



v' 



12 3 4 



v" 


a 


b 


a 


b 


a 


b 


a 


b 


a 


b 


a 


b 





3.047 (-2) 


3.069 (-2) 


9.456 (-3) 


9.414 (-3) 


8.079 (-4) 


7.885 (-4) 


1.094 (-5) 


9.656 (-6) 


4.013 (-7) 


5.104 (-7) 


5.150 (-8) 


6.854 (-8) 


1 


1.016 (-2) 


1.015 (-2) 


1.350 (-2) 


1.374 (-2) 


1.356 (-2) 


1.353 (-2) 


1.845 (-3) 


1.786 (-3) 


2.298 (-5) 


1.838 (-5) 


2.949 (-6) 


3.794 (-6) 


2 


2.201 (-3) 


2.185 (-3) 


1.283 (-2) 


1.287 (-2) 


4.951 (-3) 


5.146 (-3) 


1.465 (-2) 


1.462 (-2) 


2.773 (-3) 


2.650 (-3) 


2.247 (-5) 


1.407 (-5) 


3 


3.937 (-4) 


3.878 (-4) 


4.648 (-3) 


4.618 (-3) 


1.179 (-2) 


1.190 (-2) 


1.263 (-3) 


1.379 (-3) 


1.425 (-2) 


1.421 (-2) 


3.422 (-3) 


3.201 (-3) 


4 


6.371 (-5) 


6.204 (-5) 


1.171 (-3) 


1.154 (-3) 


6.442 (-3) 


6.403 (-3) 


9.326 (-3) 


9.529 (-3) 


1.068 (-4) 


1.417 (-4) 


1.337 (-2) 


1.325 (-2) 


5 


9.712 (-6) 


9.338 (-6) 


2.457 (-4) 


2.392 (-4) 


2.145 (-3) 


2.113 (-3) 


7.319 (-3) 


7.288 (-3) 


6.705 (-3) 


6.987 (-3) 


4.296 (-5) 


2.853 (-5) 



It should be noted that in the calculation of these values, a wavenumber for the band had to be used. The value chosen was the 
wavenumber of the P(0) transition. If a different wavenumber is desired, the Einstein values in Tabledcan be used in conjunction 
with Eciuation O to calculate new /i/i," values. The numbers in parentheses indicate the exponent. 
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1.0 1.2 1.4 1.6 1.8 

Internuclear distance (A) 

Figure 1: The potential energy curves of the C2 Swan System. 
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Figure 2: The electronic transition dipole moment of the C2 Swan system 
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I ' ' — ' ' r 



Observed 
Calculated 
(0,0) P branch 
(0,0) R branch 




19445 



19420 



19425 



19430 
Wavenumber (cm" 



19435 



19440 



Figure 3: A section of the (0,0) band of the C2 Swan system. P branch: 
/'=36-41, R branch: /'=7-13. 



T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r 




21160 21165 21170 21175 21180 

Wavenumber (cm"') 



Figure 4: A section of the Av=+1 sequence of the C2 Swan system, showing 
that the (1,0) R branch hues match well. The less intense lines do not match 
as closely. They are a mixture of the (1,0) P branch, the (9,8) R branch and 
the (8,7) P branch. (1,0) R branch: /'=39-45. 
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22914 22915 22916 22917 22918 22919 22920 22921 22922 22923 22924 22925 22926 

Wavenumber (cm"^) 

Figure 5: A section of the Af =+2 sequence of the C2 Swan system. Shown 
is a mixture of the (2,0) R branch, the (3,1) R and P branches, the (4,2) and 
the P branch,(5,3) P branch,(6,4) P branch. (2,0) R branch: /'=13-16, (3,1) 
R branch: /'=47-51, (3,1) P branch: J"=2-4, (4,2) P branch: /'=5-12 and 
39-48, (5,3) P branch: /'=5-17 and 45-52, (6,4) P branch: /'=l-5 
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